We examine the impact of gas pressure on the transverse coherence of high-redshift (2 z 4) Lyman-α forest absorption along neighboring lines of sight that probe the gas Jeans scale (projected separation ∆r p 500h −1 kpc comoving; angular separation ∆θ 30 ′′ ). We compare predictions from two smoothed particle hydrodynamics (SPH) simulations that have different photoionization heating rates and thus different temperature-density relations in the intergalactic medium (IGM). We also compare spectra computed from the gas distributions to those computed from the pressureless dark matter. The coherence along neighboring sightlines is markedly higher for the hotter, higher pressure simulation, and lower for the dark matter spectra. We quantify this coherence using the flux cross-correlation function and the conditional distribution of flux decrements as a function of transverse and line-of-sight (velocity) separation. Sightlines separated by ∆θ 15 ′′ are ideal for probing this transverse coherence. Higher pressure decreases the redshift-space anisotropy of the flux correlation function, while higher thermal broadening increases the anisotropy. In contrast to the longitudinal (line-ofsight) structure of the Lyα forest, the transverse structure on these scales is dominated by pressure effects rather than thermal broadening. With the rapid recent growth in the number of known close quasar pairs, paired line-of-sight observations offer a promising new route to probe the IGM temperature-density relation and test the unexpectedly high temperatures that have been inferred from single sightline analyses.
INTRODUCTION
The 1.5 z 6 intergalactic medium (IGM) is most commonly studied via the Lyman-α forest, which arises from Lyα absorption of neutral hydrogen along the line of sight to some distant source (e.g., a quasar). Most of the information we have on the nature of the IGM is from sightlines piercing physically distinct regions of the IGM. Absorption features have finite widths, but from individual sightlines it is difficult to separate the contribution of bulk velocities (Hubble flow and peculiar velocities) from those of thermal broadening. Close quasar pairs can break this degeneracy by probing the transverse structure of the IGM. In the mid-1990s, several studies of quasar groups and lensed quasars definitively showed that the absorbing structures are coherent over hundreds of kpc (Bechtold et al. 1994; Dinshaw et al. 1994; Fang et al. 1996; Charlton et al. 1997; Crotts & Fang 1998; D'Odorico et al. 1998 ). These observations provided critical support for the physical picture of the Lyα forest then emerging from cosmological simulations (Cen et al. 1994 ; Zhang et al.
⋆ E-mail: molly@astronomy.ohio-state.edu 1995; Hernquist et al. 1996) and associated analytic descriptions (Rauch & Haehnelt 1995; Reisenegger & Miralda-Escude 1995; Bi & Davidsen 1997; , in which most Lyα absorption arises in a continuously fluctuating medium of low density gas rather than in a system of discrete clouds. More recently, observations of pairs have been suggested as ways of investigating measuring the cosmological constant via the Alcock & Paczynski (1979) effect (McDonald & Miralda-Escudé 1999) , the matter power spectrum on small scales (Viel et al. 2002) , and the IGM temperaturedensity relation. It is on the last of these that we focus in this paper.
Theoretical models predict that the low density IGM should have a power-law "equation of state,"
with denser gas being hotter than less dense gas (α > 0, Katz et al. 1996; Miralda-Escudé et al. 1996; . Although this temperature-density (T -ρ) relation is difficult to measure, multiple observations suggest that it has a higher normalization and a shallower slope than that expected using the most straightforward assumptions about photoionization heating (Schaye et al. 2000; McDonald et al. 2001; Theuns et al. 2002; Bolton et al. 2008 ). Be-cause the degree of small-scale transverse coherence is set by the Jeans length, and the Jeans length depends on the temperature of the gas, studying the transverse structure of the Lyα forest might give insight into the IGM T -ρ relation (J. Hennawi, private communication, 2007) . In Peeples et al. (2009, hereafter Paper I), we show that while thermal broadening and pressure support both affect the longitudinal structure of the Lyα forest, thermal broadening dominates. In this paper we investigate the effects of the temperaturedensity relation via pressure support and thermal broadening on the transverse small-scale structure of the Lyα forest. The gas temperature affects the Jeans length λJ (and the comoving Jeans length λJ,comv) via
, where 1 + δ ≡ ρgas/ρ b is the gas overdensity and cs =
[5kT ]/[3m] = σth 5/3 is the speed of sound in an ideal gas expressed as a multiple of the 1-D thermal velocity σth, which we have normalized to correspond to 10 4 K Schaye 2001; Desjacques & Nusser 2005) . While thermal broadening affects the observed IGM by smoothing the Lyα forest in one-dimension (namely, along the line of sight), pressure support smooths the physical gas distribution in all three dimensions. Therefore, while we found in Paper I that σth dominates the longitudinal Lyα forest structure, we expect λJ to dominate the transverse structure. Our simulations indicate that the "effective" Jeans length in the Lyα forest is smaller than that given in Equation (3) by a factor of a few, probably owing to a combination of geometric factors, the universe expanding on the same timescale as the gas evolves, and the contribution of dark matter to the gravitational forces (see also Gnedin & Hui 1998) .
For Ωm = 0.25 and ΩΛ = 0.75, the relation between angular separation ∆θ and comoving transverse separation R at z = 2-4 is approximately
Lines of sight with angular separations of 3-10 ′′ are needed to probe the Jeans scale of the IGM. While this scale is just larger than the cutoff for the typical Einstein radius of galaxy lenses (Schneider, Kochanek, & Wambsganss 2006) , new searches for binary quasars are revealing samples of a few to dozens with ∆θ 10 ′′ (Hennawi et al. 2006 (Hennawi et al. , 2009 ). This paper is organized as follows. In § 2, we describe the SPH simulations used, as well as the artificial temperature-density relations we impose on the gas to isolate the effects of pressure support and thermal broadening. In § 3 we discuss how the temperaturedensity relation affects the transverse coherence of the Lyα forest, with particular focus on flux cross-correlation functions and conditional flux probability distributions. We find that, as expected, the transverse coherence of the Lyα forest across closely paired sightlines is dominated by the amount of pressure support in the absorbing gas. These conclusions are summarized in § 4. In an Appendix and associated electronic tables, we provide Lyα forest spectra extracted from our simulations at several transverse separations that can be used to create predictions tailored to specific observational Figure 1 . Distribution of particles in the temperature-overdensity plane for the fiducial simulation at z = 2.4, with three imposed temperature-density relations over-plotted as labelled, as well as the temperature and overdensity distributions for the fiducial and H4 simulations. The hotter H4 gas is preferentially less dense than the lower pressure fiducial gas and pressureless dark matter.
analyses. We note that Paper I includes an extensive discussion of the physical structure of the Lyα forest in these simulations, so in this paper we will focus only on those issues relevant to quasar pair observations. All distances are given in comoving coordinates unless otherwise stated.
SIMULATIONS
We use the same 2 × 288 3 particle 12. (Hinshaw et al. 2009 ). This cosmology leads to a gas particle mass of 1.426 × 10 6 M⊙, which is much less than the expected typical Jeans mass of ∼ 7 × 10 9 M⊙. As a convergence test, we use a 2 × 144 3 particle simulation that is otherwise identical to our fiducial simulation. The distribution of particles in the temperature-density plane for our "fiducial" simulation at z = 3 is shown in Figure 1 . The "H4" simulation has the same initial conditions as the fiducial one, but the heating rate from photoionization by the UV background is four times higher than in the fiducial simulation. An obvious consequence of this higher heating rate is that the H4 gas has higher temperatures than the fiducial gas. A more subtle effect, also shown in Figure 1 , is that the hotter gas has a larger Jeans length and is hence smoother, with a smaller fraction of the gas at high overdensity. We therefore adopt three artificial temperature-density relations to isolate the effects of pressure support, thermal broadening, and the underlying overdensity distribution. As in Paper I, the fiducial and H4 Figure 2 . A 12.5 × 1 × 1 h −1 Mpc comoving section of the fiducial simulation, in H I density, with −8 < log n HI < 0 (note that the aspect ratio has not been preserved). The three green sightlines are separated by 100 h −1 kpc comoving; at z = 2.4, corresponding to a projected separation of 4.9 ′′ . temperature-density relations mimic the ones found in those simulations, while the flat T = 2 × 10 4 K relation is used so that we can study the effects of thermally-broadened pressure support in the absence of overdensity-dependent thermal broadening. We impose these temperature-density relations on the fiducial and H4 gas distributions, as well as the fiducial dark matter, by assigning temperatures based solely on the local gas (or dark matter) overdensity, as demonstrated in Figure 1 . For the fiducial and H4 relations, we set all gas with 1+δ 10 to a "shocked" temperature T = 5×10 5 K, while for the flat relation we set all the gas to T = 2 × 10 4 K, regardless of density.
At each redshift-z = 2, 2.4, 3, and 4-we consider 200 lines of sight with paired sightlines separated by ∆r = 50, 100, 125, 150, 175, 200, 250, 300, 400, and 500 h −1 kpc comoving for a total of 2200 sightlines per redshift for each of the overdensity-T -ρ combinations discussed above. In all cases we adjust the intensity of the UV background so that the mean flux decrement matches observational estimates (see Paper I for details). In Table 1 , we list the . adopted mean decrements and parameters for the observed, fiducial, and H4 temperature-density relations, as well as the projected angular separation at 100 h −1 kpc comoving.
STRUCTURE OF THE IGM & TRANSVERSE Lyα COHERENCE
To gain insight into the effects of temperature on the transverse coherence of the Lyα forest, we look at how paired sightlines differ in the fiducial and H4 simulations in § 3.1. We then quantify these differences by examining the relative changes in the flux decrement cross-correlation function in § 3.2 and the relative transverse coherence of the conditional flux decrement probability distribution in § 3.3.
Spectra
Before delving into statistical measures of the transverse Lyα forest, it will be instructive to first consider the underlying physical structures. In Figure 2 , we show a small section of the fiducial simulation at z = 2.4, where brighter regions correspond to higher H I densities. The observed transmitted flux is calculated as simply
where τLyα is the optical depth to Lyα photons. As discussed in detail in Paper I,
The three sightlines in Figure 2 give rise to the top, middle, and bottom green spectra at z = 2.4 in the left-hand panel of Figure 3 . Figure 3 shows how pairs of spectra become more dissimilar as their transverse separation, ∆r, increases, and how this dissimilarity differs between the fiducial and H4 simulations. Spectral features remaining coherent over large scales correspond to physical structures that are parallel to the plane of the sky (see, e.g., the structures at 400 < v < 600 km s −1 ), while spectral features disappearing from one sightline to the next correspond to physical structures that are more parallel to the line of sight (see, e.g., the features at v < 300 km s −1 ). In general, the H4 spectra remain more similar than the fiducial ones as ∆r increases; we aim to determine to what extent this relatively higher coherence owes to pressure support rather than to the fact that the H4 spectra are individually inherently smoother because they have more thermal broadening than the fiducial spectra.
Cross-Correlation Functions
A common method for studying the transverse structure of the IGM is to look at the flux decrement cross-correlation function,
where D ≡ 1 − F = 1 − exp(−τ ) and the two sightlines are separated by some ∆r Rollinde et al. 2003) . At ∆r = 0, ξcross is just the auto-correlation function. The cross-correlation functions for the z = 2.4 fiducial and H4 simulations at a range of ∆r are shown in the left-hand panels of Figure 4 . At small ∆r and ∆v, the gas in the fiducial simulation has a higher ξcross than the gas in the H4 simulation because the smoother gas distribution has less rms density fluctuation. At larger ∆r and ∆v, the H4 gas has a higher ξcross owing to its greater coherence, as is visually evident in Figure 3 . To quantify this relative change, ξcross/ξauto for the same selection of ∆r is plotted in the right-hand panels of Figure 4 . Although in real space ξcross(∆r) = ξauto(H∆r), in velocity space redshift distortions preferentially suppress the auto-correlation function relative to the cross-correlation function, causing ξcross > ξauto for some regions of parameter space (McDonald & Miralda-Escudé 1999; Marble et al. 2008b ). The hotter, higher pressure, H4 simulation has a higher relative coherence (larger ξcross/ξauto) at small ∆v than the colder fiducial simulation.
We compare a wider range of models in Figure 5 , where we plot ξcross/ξauto as a function of ∆r at ∆v = 20 km s −1 at z = 2.4; this corresponds to taking a slice at ∆v = 20 km s −1 in the righthand panels of Figure 4 . To elucidate whether the H4 gas is more strongly correlated because it has higher pressure, or because, as shown in detail in Paper I, hotter gas has more thermal broadening and therefore less small-scale structure, we also look at a range of T -ρ relations and overdensity fields. In this and in several of the following figures the line type (solid, dashed, or dotted) corresponds to the adopted overdensity field, either the gas overdensities from the fiducial simulation (solid lines), the gas overdensities from the H4 simulation (dashed lines) or the dark matter overdensities from the fiducial simulations. The line color corresponds to the adopted equation of state, i.e. the T -ρ relation, either the artificial fit to the relation from the fiducial simulation (green lines), the fit to the relation from the H4 simulation (red lines), or assuming a constant temperature of T = 2 × 10 4 K (blue lines). In Figure 5 , the three choices for the overdensity field clearly separate into three distinct groups, with the highest-pressure H4 gas having the most transverse coherence and the zero-pressure dark matter having the least. Even non-thermally broadened spectra (which we have not plotted to avoid visual confusion) show the same relative decrease in coherence with increase in transverse separation as other spectra with the same underlying gas distributions. Within each overdensity group, ξcross/ξauto increases with increasing thermal broadening (e.g., the imposed H4 T -ρ relation yields higher ξcross/ξauto at all ∆r than imposing the fiducial T -ρ). However, lowering the resolution leads to offsets from the fiducial case by about the same amount as imposing different T -ρ relations. The same trends are seen at z = 2, 3, and 4, as shown in Figure 6 . In general, we find this delineation is clearer at 10 ∆v 30 km s −1 than at ∆v = 0 or at larger velocity separations. The stark separation by overdensity distribution of the normalized cross-correlation function as a function of transverse separation is a clear sign that pressure plays an important role in the transverse structure of the Lyα forest.
A common use for the flux decrement cross-correlation function is to measure the anisotropy in the Lyα forest caused by line-of-sight velocity distortions (Coppolani et al. 2006; D'Odorico et al. 2006) , such as for the Alcock & Paczynski (1979) test (Hui et al. 1999; McDonald & Miralda-Escudé 1999) . In Figure 7 , we compare ξcross(∆v = 0, ∆r) to the autocorrelation function at the same scale, ξauto(H∆r), at z = 2.4; higher values indicate higher levels of anisotropy. As in Figure 5 , the models separate into groups of overdensity, and the differences between our lowresolution and fiducial cases are comparable with imposing different T -ρ relations on the fiducial gas. Figure 8 shows the same statistic for a smaller set of models at z = 2, 3, and 4. As mentioned above, in real space ξcross(∆r) = ξauto(H∆r), but in (observed) velocity space, redshift distortions introduce anisotropy (Marble et al. 2008b) . Because thermal broadening is an inherently one-dimensional anisotropic phenomenon, higher thermal broadening leads to higher anisotropy; we see this effect for each overdensity distribution in Figures 7 and 8 . Pressure, on the other hand, is a three-dimensional inherently isotropic phenomenon: higher pressure therefore leads to less anisotropy, as we see from comparing the results for the dark matter, fiducial, and H4 overdensity fields. For H∆r 20 km s −1 (∆θ 10 ′′ ), the impact of thermal broadening on anisotropy is generally smaller than the impact of pressure.
Conditional Flux Probability Distributions
The structure of one-point flux probability distribution function (PDF) depends on both the thermal history and current thermal state of the gas, leading to a complex relationship between the effects of pressure support and thermal broadening on the PDF (Paper I). On the other hand, the interpretation of the conditional probability distribution function between paired sightlines (Miralda-Escudé et al. 1997 ) is relatively straightforward. For example, if for strongly absorbed pixels with 0.8 D1 < 1.0, the pixels separated by ∆v on a sightline ∆r away are more strongly absorbed than randomly expected, then this might be a signature of strong transverse coherence and thus a large Jeans length. In Figure 9 we plot the flux decrement difference probability distributions, p(D2 − D1), for ∆v = 0 and ∆r = 150 h −1 kpc and several bins of D1, for the fiducial, H4, and low resolution gas at z = 2.4. By looking at the PDF of the decrement differences, we can easily quantify the similarity of flux decrement pairs. The more strongly the distribution peaks around D2 = D1, the more coherent are the transverse structures. While the differences between the two simulations are not dramatic, the H4 model is consistently more strongly peaked around D2 = D1, with a stronger signature at low D1. For most choices of D1, this difference is much more pronounced than the difference between the fiducial and low-resolution simulations, indicating that our 288 3 particle simulations give robust results for this statistic. In Paper I we showed that the flux decrement PDFs for each of these T -ρ relations are fairly distinct, so some of the model differences in p(D2 − D1) could reflect differences in the underlying flux PDFs. We can remove this effect by converting from flux decrement D to pixel rank R ≡ p(< D), the fraction of pixels with a flux decrement lower than D. Of course, a fully successful model should reproduce the observed PDF, but here we wish to focus on transverse coherence and, therefore, remove any differences in the PDF caused by different temperature-density relations. Figure 10 shows that spectra generated from the H4 gas have rank difference distributions more strongly peaked around R2 − R1 = 0 than spectra from the lower pressure, fiducial gas spectra. Changing the imposed temperature-density relation has less effect on the distributions than changing the underlying gas distribution, implying that (as expected) pressure rather than thermal broadening accounts for the larger transverse coherence. In general, the larger coherence appears at all redshifts, but it weakens with increasing ∆r. Nonthermally broadened spectra (not shown) have broader R2 − R1 distributions, so thermal broadening does play some role in transverse coherence. As with previous statistics, however, the lower resolution spectra differ from the fiducial case by about as much as spectra generated from different imposed T -ρ relations. Figure 11 presents the z = 2.4 predictions in greater detail for the fiducial and H4 gas only, plotting five ranges of R1 and comparing ∆v = 0 to ∆v ∼ 20 km s −1 . The models are most easily distinguished at small ∆v and at small ∆r.
In general, the slope of the temperature-density relation is much more difficult to observationally constrain than T0 because most methods for measuring the T -ρ relation are sensitive to only a limited range of τHI and hence 1 + δ. Because (up to saturation) we can limit ourselves to a particular range of optical depth and thus 1 + δ when using conditional rank distributions, it might be possible to use this technique to constrain the slope of the temperaturedensity relation. We cannot test this possibility using our current simulations because the fiducial and H4 temperature-density relations have similar slopes at all redshifts (see Table 1 ). such quasar pairs are ideal for studying the small-scale transverse structure of the intergalactic medium. We have shown using a set of smoothed particle hydrodynamic simulations with different equations of state that the coherence of transverse structure at these scales is determined primarily by the level of pressure support, i.e. the Jeans length, of the absorbing gas and is relatively insensitive to the amount of thermal broadening along the line of sight. Given the surprisingly high temperatures implied by single-sightline analyses (see discussions in §1 and Paper I), it would be valuable to investigate the thermal state of the IGM by this largely independent method.
CONCLUSIONS
Flux correlation functions (measured by, e.g., Rollinde et al. 2003; Coppolani et al. 2006; D'Odorico et al. 2006; Marble et al. 2008a ) and the two-point distributions of flux decrements or pixel ranks can all be used to distinguish among gas distributions with different temperatures like the fiducial and H4 models considered here. Because the redshift ranges and pair separations will be dictated by the specifics of the available data sample, we provide in the form of electronic tables our simulated spectra along paired lines of sight from the two simulations, which can be used to generate predictions tailored to a particular data sample. These samples of spectra are described in §2 and the caption to Table 1 . We caution that the finite size of our simulation volume could cause statistical fluctuations and systematic effects on our predictions, especially at large ∆r and ∆v; we will investigate this point in future work with larger simulations. The large increase in known quasar pairs, the ability of large telescopes to measure Lyman-α absorption spectra of relatively faint background sources, which have a high surface density on the sky, and the massive quasar sample expected from the Baryon Oscillation Spectroscopic Survey (Schlegel et al. 2009 ) will change the Lyα forest from a one-dimensional phenomenon to a three-dimensional phenomenon, opening new opportunities to constrain cosmology and the physics of the diffuse intergalactic medium.
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We acknowledge a seminar by Joe Hennawi at the Ohio State Center for Cosmology and Astro-Particle Physics, which inspired this investigation; we also thank Joe Hennawi and Eduardo Rozo for helpful discussions and comments. We are grateful to the anonymous referee for thoughtful suggestions on the text. This work has been supported in part by NSF grant AST-0707985 and NASA ADP grant NNX08AJ44G. (left to right) . Regardless of the imposed temperaturedensity relation (indicated by line color), the H4 gas (dotted lines) is more strongly peaked around R 2 = R 1 than the fiducial gas (solid lines) because the hotter gas has longer Jeans lengths and thus higher transverse coherence. Figure 11 . Probability distributions for differences in flux decrement rank, p(R 2 − R 1 ) v. (R 2 − R 1 ) for ∆r = 100, 200, and 300 h −1 kpc comoving and ∆v = 0 and 20 km s −1 as labelled, for a range of R 1 at z = 2.4. The H4 gas (purple, dotted) is more strongly peaked around R 2 = R 1 than the fiducial gas (black, solid) because the hotter gas has longer Jeans lengths and thus a higher transverse coherence. Table A1 . Sample paired spectra for the fiducial simulation at z = 2. Each set of 1250 lines corresponds to an independent sightline and its pairs. This table is published in their entirety online; a portion is shown here for guidance regarding its form and content. 
